First structural characterization of Pa(IV) in aqueous solution and quantum chemical investigations of the tetravalent actinides up to Bk(IV): the evidence of a curium break † Pa is also generated as a byproduct in projected thorium nuclear reactors, making it a contributor to the long-term radiotoxicity of Th-based spent nuclear fuel. 3 The tetravalent actinide from Th(IV) to Pu(IV) are hard Lewis acids with high charge densities and therefore exhibit a strong tendency to hydrolysis and condensation. 4 However, unlike its neighbor actinides the aqueous chemistry of Pa(IV) is to a large extent unexplored. 5a This has surely to do with the rarity of the element and its radioactive nature, in addition to the chemical instability of its tetravalent state: Pa(IV) is difficult to stabilize in water due to the low redox potential of the Pa(V)/Pa(IV) couple (−0.1 V/SHE) and the fact that it rapidly oxidizes to Pa(V) 5, 6 in comparison, U(IV), Np(IV), and Pu(IV) are more stable. transitions. The re-oxidation of Pa(IV) was rather slow under argon (∼30% was converted to Pa(V) in 24 hours) but rapid in air, although the rate depended on the acid and its concentration, being slower in hydrochloric and sulfuric acid than in perchloric acid. Similar observations have been reported previously. 5c The reason for this additional stability is most likely the formation of PaCl 4−n n and Pa (SO 4 ) 4-2n n complexes that are thermodynamically more stable than the Pa 4+ aqua ion.
Their presence in solution is confirmed by the fact that their absorption bands are red-shifted compared to those of the aqua ion (Fig. 1a) . A remarkable increase of the Pa(IV) stability was observed by using rongalite (Na + HOCH 2 SO 2 − ) as reducing agent. As much as 98% Pa(IV) remained after five days in 6 M hydrochloric and sulfuric acid solutions, while in perchloric acid the oxidation rate was significantly higher. It should be noted that rongalite exhibits a rather strong absorption band at 284 nm that masks the Pa(IV) absorption bands ( Fig. S1 †) ; thus time-resolved laser fluorescence spectroscopy (TRLFS) was used to study the 6d 1 -5f 1 emission spectra of Pa 4+ in these rongalite-containing solutions. Laser excitation (245 nm) into the 6d levels resulted in a broad emission band at ∼465 nm in perchloric acid and ∼455 nm in hydrochloric and sulfuric acid, corresponding to Stokes shifts of ∼13 500 cm
slightly larger than ∼12 500 cm −1 observed for the 4f 1 Ce 3+ aqua ion (Fig. 1b) . 9 While the absorption spectra of Pa 4+ in hydrochloric and sulfuric acid are red-shifted relative to that in perchloric acid, the emission spectra are blue-shifted. In all studied solutions the emission decays were monoexponential, corresponding to luminescence lifetimes of 15-20 ns, not varying notably with the Pa 4+ concentration or the mineral acid. 5b Rongalite showed no own emission upon laser excitation at 245 nm, nor did its presence affect the Pa 4+ emission spectrum (Fig. S2 †) . Thus we conclude that rongalite does not bind directly to Pa 4+ , encouraging us to use it to stabilize Pa 4+ at concentrations suitable for X-ray absorption spectroscopy (XAS). The structure of the Pa 4+ aqua ion is preferably studied in dilute acidic aqueous solution with a non-coordinating anion. Although Pa(IV) was found to be stable in perchloric acid and in dilute hydrochloric acid long enough for optical absorption and luminescence studies, re-oxidation took place in these solutions in the course of the initial XAS studies. Therefore, subsequent studies were performed in 6 M hydrochloric acid where Pa(IV) is more stable. Fig. 2a compares the L 3 -edge X-ray absorption near-edge structure (XANES) spectra of the Pa(IV) and Pa(V) solutions. This is the first reported XANES spectrum of aqueous Pa(IV). The white line position of Pa(IV) (16 737.3 eV) is about 4 eV lower in energy than that of Pa(V) (16 741.5 eV) 10 (Table S1 †). The corresponding differences for tetra and pentavalent uranium, neptunium, and plutonium are smaller or even reversed owing to their pentavalent ions present as dioxo actinyl ions in aqueous media, while Pa(V) occurs as a monooxo protactinium cation. 4, [11] [12] [13] [14] The white line position of the Pa(IV) XANES in 6 M HCl is expected to be only slightly affected by the presence of chloride, as in the case of the XANES data of Np(IV) and Pu(IV) in chloride solutions. 13, 14 Consistent structural data of the coordination shell of Pa(IV) was obtained by model fitting of its EXAFS spectrum and Fourier transform (Fig. 2b and c) . Two structure models were evaluated: a model with eight oxygen atoms and one chlorine atom in two separate shells (a monochloro complex 15, 16 (Fig. 4a) . The coordination polyhedron of the tencoordinate isomer with C 2 symmetry is best described as a bicapped square antiprism, while the nine and eight-coordinate isomers have distorted tricapped trigonal prismatic and square antiprismatic first shell geometries, respectively. The mean An-O bond distance is ∼0.047 Å longer for the ten-coordinate isomer than the nine-coordinate one, which is ∼0.042 Å longer than the mean bond distance for the eight-coordinated isomer (Fig. 4b , Table S4 †). These differences are virtually identical to those between the lines representing ten, nine, and eight-coordinated structures in Fig. 3 ; however, the absolute An-O distances of the ab-initio structures are slightly larger than the experimental ones.
The relative free energies listed in Table 1 were computed at the best quantum chemical level applicable to molecular systems of this size (density functional theory is not suited for these systems as explained in the ESI †); that is, using the spin-orbit (SO) CASPT2 multi-reference correlated approach in a relativistic framework and modelling bulk solvent effects by a polarizable continuum model, and accounting for an ener- Table S3 and references in the ESI †). getic correction for hydrogen bonding between the first and second-hydration spheres. 19 The relative energy between the nine and eight-coordinated ions decreases while that between nine and ten-coordinated ions increases as the nuclear charge increases down the actinide series. This trend is further enhanced when the hydrogen-bond correction to the continuum solvation free energy is applied. Without this correction the relative energies indicate that for all tetravalent actinides the nine-coordinated isomer is energetically the most stable of the three isomers, but when hydrogen bond effects are accounted for the energy difference between the nine and eight-coordinated isomers is reduced significantly and an intersection occurs near curium. . This is the first sound evidence of a "curium break" in the tetravalent actinide series. a All values are at the SO-CASPT2 level except for the closed-shell Th(IV) complexes, for which MP2 energies were used; long-range hydration effects were accounted for with the COSMO solvent model, without or with the hydrogen bond correction.
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